Abstract: We document a set of time use patterns in both time series and cross sections. To explain these facts, we propose and estimate a model of time allocation that emphasizes the role of home production technology. We find it necessary to consider both labor-augmenting technology and total factor productivity in home production. Based on the estimated model, we study the effects of proportional tax and lump-sum transfer on time allocation and labor supply, with the roles of home production technology and wage heterogeneity highlighted.
Introduction
Time allocation is an important economic activity. It is related to key issues such as labor supply and consumer expenditure. The literature has recognized the importance of home production in the study of time allocation. One of the ingredients of home production is the technology. The improvements of home production technology, partially embodied in the use of clothes dryer, mircowave oven, email, etc., have profoundly changed our time allocation.
We formally study how home production technology shapes time allocation. The point of departure is a set of time use patterns in both time series and cross sections. In the spirit of time use trichotomy formalized by Gronau (1977) , we study three time use categoriesmarket hours, home hours (home production time) and leisure. We show that in time series, the rise of wage rate is accompanied by rising leisure and declining market hours and home hours. Home production time has declined to larger extent than market hours. Besides the declining trends, market hours and home hours co-move negatively. In cross sections, we show that wage is negatively correlated with leisure and home hours, and positively correlated with market hours. Thus, the correlation between wage rate and leisure (also between wage rate and market hours) in cross sections is the opposite of that in time series.
The above rich time use patterns are not consistent with a standard textbook model where leisure-work decision depends only on the income and substitution effects of wage rate. It is also difficult to explain them with a standard home production model in which home production technology is typically assumed to be labor-augmenting. Therefore, we propose a time allocation model that features two types of home production technology. The first one is labor-augmenting technology, called LAT, that increases the productivity of home hours. The most prominent improvement of LAT is perhaps the adoption of new consumer durables such as micro-wave, dish washer, washer and drier, and vacuum cleaner. 1 The second one is the technology that increases the productivity of both time input and goods input in home production, and it is called TFP of home production. An example of TFP is the improvement of infrastructure -a new high way makes errands running not only less expensive (less gas burning), but also less time consuming. Another example is the popularization of department stores which has improved the efficiency of both time input and goods input (transportation fare) of shopping trips. The emergence of specialized stores, such as Home Depot, has similar effects. 2 We show that with proper growth rates of home production technology, our model is able to generate the observed time use patterns in both time series and cross sections. Intuitively, the relative labor productivity between market production and home production (LAT relative to wage rate) determines the allocation of work hours between the two sectors. In cross sections, agents adopt similar LAT, thus higher-wage agents work more in the market and less at home, provided that market goods and home time are substitutes in home production. 3 Over time, production time is shifted from home to the market when wage rate grows more quickly then LAT, and vice versa, hence the negative co-movement between market hours and home hours in the data. In addition, the rise in home production TFP in time series shifts the allocation of time from work (both at home and in the market) to leisure when the substitutability between leisure and consumption is low in the utility function. Thus, although leisure appears to be positively correlated with wage in time series, the rise is not driven by the rise in wage, but driven by the improvements in home production TFP. Without the rise in TFP, higher wage rate 1 Campbell and Ludvigson (2001) model consumer durables explicitly which is taken as part of the exogenous LAT in our model.
2 Aguiar and Hurst (2007b) show that goods input of shopping, measure by money, can be substituted by time to large extent. 3 The finding in Costa (2000) , that in 1890s higher wage individuals worked less hours, is also understandable if these individuals adopted much better home production technology than the poorer ones, which is possible in a more inequal society.
leads to less leisure as described by the cross sectional correlation.
We estimate the growth rates of both types of home production technology along with the parameters in home production function and utility function. During 1965 During -2003 , LAT increased by about 80%. In the meantime TFP increased by between 31% to nearly four-fold, depending on the measure of leisure used. 4 The estimation finds high substitutability between home time and market goods in home production, and low substitutability between leisure and consumption in the utility function.
We use the estimated model to study how proportional income tax and lump-sum transfer affect time allocation and labor supply. We find that the response of time allocation to the policy increases with the levels of home production technology, but decreases with wage rate. One of the implications is that wage distribution matters, and the predicted policy effect from a representative agent model can be quite inaccurate. We find that the representative agent model on average understates the negative policy effect on market labor supply by about 8%.
Our empirical study is based on three different household surveys -the American Time Use Survey (ATUS), the Current Population Survey (CPS) and the Consumer Expenditure Survey(CEX). To link the three data sets, we break households in each survey into income deciles, and calculate averages of wage rate, expenditure and various time use categories for each decile. These decile averages enable us to document time use patterns and estimate model parameters.
This paper complements the literature of home production by highlighting the roles of home production technology. The existing research has been successful in demonstrating how home production sector introduces more volatility to macroeconomic variables long the business cycle (e.g., Greenwood and Hercowitz (1991) , Benhabib et al. (1991), and McGrattan et al. (1997), Campbell and Ludvigson 4 Leisure is very sensitive to TFP. Thus different measure of leisure leads to very different TFP growth.
(2001)). Using home production models to study the effects of income taxation on labor supply has also been very fruitful (e.g., Rogerson (2008) , Rogerson (2009) and McDaniel (2011) ). In these studies, home production technology is restricted to be labor-augmenting. In addition, the existing studies pay little attention to the labor productivity at home relative to that in the market. One exception is McDaniel (2011) that assumes home production productivity to grow at a constant rate which is different from market productivity. In contrast, our paper explicitly estimates the growth of two types of home production technology, and examine its impacts on time allocation.
Empirically this paper contributes to the literature by painting a comprehensive picture of time use patterns in both time series and cross sections. A number of existing empirical studies have documented similar time series trends. Aguiar and Hurst (2007a) find that both market hours and home hours have decreased by more than 4 hours per week on average between 1965-2003. In the meantime, leisure exhibited significant increase. Greenwood and Vandenbroucke (2005) show a plunge of average market hours per week from 70 hours to 41 hours during 1831-2002. 5 In cross sections, there exist studies that are implicitly related to the correlation between wage and time allocation. Kuhn and Lozano (2008) find that highly-educated, high wage men have a tendency to work longer. Juhn and Murhpy (1997) find that wives of middle and high wage men experienced the largest increase in hours worked during 1968 -1992 . Costa (2000 concludes that between 1973-1991 the most highly paid worked more hours than the lowest paid. Aguiar and Hurst (2007a) document a negative correlation between education attainment and leisure hours in cross sections. Hamermesh and Lee (2007) find that more time stress is perceived by adults in households with higher earnings. However none of these studies explicitly documents how wage rate correlates with market hours, home hours and leisure.
Another contribution of this paper is the joint estimation of two critical parameters in home production literature -elasticities of substitution between goods and time in home production, and between consumption and leisure in the preference. The former has been estimated/calibrated using either aggregate data (McGrattan et al. (1997) and Chang and Schorfheide (2003) ) or micro data (Rupert et al. (1995) and Aguiar and Hurst (2007b) ). We employ a different source of identification (the time use pattern in both time series and cross sections) and reach a similar estimate. For the latter, much of the existing research has assumed a unit elasticity so that balanced growth path exists. Our estimation shows that an elasticity below one is necessary to explain the negative correlation between leisure and wage rate in cross sections.
The rest of the paper is organized as follows. Section II discusses the data and data facts. Section III lays out the model. Section IV discusses estimation strategy and reports the estimation results. Section V uses the estimated model to study proportional income tax and lump-sum transfer. VI concludes.
Data
Three different household surveys are used in this paper -the American Time Use Survey (ATUS), the Current Population Survey (CPS) and the Consumer Expenditure Survey (CEX). Details about these surveys are provided in Appendix A. From 1965 to 2003 , only five waves of ATUS exist, conducted in 1965 , 1975 , 1985 , 1993 and 2003 respectively. Thus we choose five corresponding waves of CEX and CPS. 
Construction of Decile Level Data
To study the correlation between wage rate and time allocation, it is necessary to have information on both for each agent. Detailed micro data on time allocation is available in ATUS. However, Early waves of ATUS have very limited information on wage. On the other hand, CPS provides high quality data on wage for each member in a family. Furthermore, the estimation of our model entails expenditure data which are available from CEX, but not from ATUS or CPS. Therefore we link the three data sources according to household income which is available in each of the three data sets. 7
Linking Three Surveys To link the three data sets together, we first apply the same sample selection criteria to each survey. We exclude households whose heads were (i)not married (ii) unemployed (iii) younger than 25 (iv) older than 60. Next, we break the respondents in each wave of survey into 10 groups based on the reported household income. 8 Finally, for households in each income decile, we calculate the average wage rate in CPS, average expenditure in CEX, and averages of market hours, home hours and leisure in ATUS. Our analysis below is based on these averages. A side benefit of the decile level analysis is that it averages out the high frequency movements in wage, consumption and time use caused by idiosyncratic shocks. Since each of the three surveys has sample sizes that are big enough to be nationally representative, we can assume these averages represent the typical situation for each income decile.
Decision Making Units Following the insights of Mincer (1962),
we take household to be the decision-making unit, and focus on mar-7 To estimate the elasticity of substitution between time and goods in home production, Aguiar and Hurst (2007b) also link two data set -ATUS and ACNielsen's Homescan Panel that provides information on shopping trips and grocery expenditure.
8 Household income is available in each waves of the three surveys, except in ATUS85.
We impute household income for respondents in ATUS85 by estimating income equation in the corresponding CPS.
ried couples. CEX reports expenditures at household level which fits our study well. CPS records wage rate for each household member. For each income decile we calculate the average wage rate for husband and wife separately. Since some wives did not work, we calculate the average wage rate of working wives only. Then in each decile, we take the average of the two wage rates as the household wage rate. This treatment also prevents the increasing female labor market participation from affecting the decile level wage rate.
Prior to 2003, ATUS provides information on individual respondents only. 9 Therefore we calculate income decile level time use as the averages of married working respondents, with the demographic weights and day weights applied.
Demographic Weights and Day Weights of ATUS Respondents Time allocation depends critically on sex, age and number of children. These demographics are not included in our model, so they need to be controlled for. 10 To do so we construct demographic cells based on age, sex and presence of children, and calculate the percentage of respondents that fall into each cell in ATUS65. These percentages, called the fixed demographic weights, are applied to later waves of ATUS.
Days in the week are not uniformly represented in the ATUS sample. For example, of the respondents in ATUS75, 5.88% were interviewed on Saturdays and 19.39% interviewed on Sundays. This causes huge bias if the day weight is not taken into account. Following Aguiar and Hurst (2007a) , We use the weights to ensure each day of the week is uniformly represented.
9 In 1975 survey, there were survey questions for both respondents and spouses, but the information collected from spouses is much scarcer and less accurate.
10 The effects of demographics on time allocation can be significant. Rupert et al. (2000) find that over lifecycle home hours and wage are positively correlated.
Other Measurement Issues To break total time into home hours, market hours and leisure, we follow the time use taxonomy in Aguiar and Hurst (2007a) , and define the three time use variables consistently through different waves of time use surveys. Specifically, four measures of leisure are defined, with leisure 1 being the narrowest definition and leisure 4 being the broadest. Major activities in each leisure measure are given in Appendix A. Wage rate and expenditures are in 1965 dollars. We deflate earnings and expenditures using Price Indexes for Personal Consumption expenditures from NIPA table 2.5.4..
We calculate after-tax wage rates based on the reported Federal and state tax liabilities in CPS. In the three earlier waves of CPS, tax liabilities were not reported, so we impute them using internet TAXSIM model provided by NBER. Table 1 shows the cross sectional correlation coefficients between wage and time use at income decile level. In each cross section, wage rate is negatively correlated with each of the four measures of leisure, and positively correlated with market hours. Wage rate is negatively correlated with home hours except for 1975. The correlations imply that in cross sections rich people work more in the market, but less at home, and enjoy less leisure. This also implies that rich people are rich not only because they are better paid but also because they work longer hours. Table 2 reports the averages of time use for each survey year. Leisure has increased over time for each of the four measures. Both market hours and home hours have decreased. The last row of Table 2 show the ratio of average home hours to average market hours. Between 1965 Between -2003 , the ratio declined from 0.709 to 0.643. In their full sample, Aguiar and Hurst (2007a) also find that market hours declined to larger extent than home hours. 11 Later this fact will be used to identify the growth of home production TFP. Figure 1 plots the average wage rate and time allocation against time, with the time allocation variables rescaled. Clearly, wage rate and leisure are positively correlated over time. Although both home hours and market hours have decreased between 1965-2003, the decreases are not monotonic. The negative co-movement between market hours and home hours is evident in the figure. In the estimation, this is used to identify the relative productivity of labor at home and in the market. 12 The figure shows the average wage rate, market hours, home hours and leisure over time. Leisure refers to leisure measure 4, so the sum of market hours, home hours and leisure is 7*24=168. The time allocation variables are re-scaled. Figure 2 shows the scatter plots of home hours and leisure (measure 4) against market hours. Both home hours and leisure are strongly negatively correlated with market hour, with the correlation coefficients being -0.81 and -0.56. Similar results are found using other measure of leisure. On the other hand, the correlation between home hours and leisure is very weak, not significantly different from zero. These facts are well explained in our model. We will return to this point after estimating the model. 
Data Facts

The Model
In this section we present a model of optimal time allocation which can generate the established facts in section 2. In the model, an agent takes the wage rate and home production technology as given, and maximizes utility by allocating time among market hours, home hours and leisure. We also discuss why a home production model that abstracts from home production TFP faces difficulty in explaining the documented time use patterns.
Model Setup
An agent derives utilities from the composition of consumption goods c and leisure and solves the following optimization problem.
where x = market goods expenditure h m = market hours tr = transfer h n = home hours T = total time endowment z = labor augmenting home production technology A = home production TFP g(x, h n |z, A) = home production function Here, we interpret transfer in equation (1) as the sum of government transfer, non-labor income and changes of assets. Transfer does not affect our estimation below, because we employ data on expenditure directly.
The functional forms of utility and home production are
where θ is the elasticity of substitution between leisure and consumption, and σ is the elasticity of substitution between home hours and market goods. It will be clear that the two elasticities are critical in time allocation. Our modeling of home production follows Becker (1965) . Home production combines market goods and home hours to produce consumption goods. 13 Some existing studies treat market sector and home sector symmetrically, assuming both to take capital and labor as inputs and produce consumption goods. 14 The way home production is modeled here can be viewed as a special case of this two-sector modeling, with home capital submerged into market expenditure.
The model is a static one that focuses on the intra-temporal optimal allocation. Beside its the simplicity, this treatment avoids the complication from inter-temporal elasticity of substitution which is known to be closely related to intra-temporal time allocation (Campbell and Ludvigson (2001) ). In addition, an infinite horizon model entails the existence of balanced growth path. However in our model we allow leisure, home hours and market hours to have time series trends driven by home production TFP, thus we are not able to resort to balanced growth path to deal with nonstationarity arising from the growth of productivity or wage.
13 Hamermesh (2008) assumes that "eating at home" is produced by combining eatingrelated time and goods, and accomplishes the direct estimates of home production of eating.
14 Examples include Greenwood and Hercowitz (1991) Benhabib et al. (1991) and McGrattan et al. (1997) .
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First Order Conditions and Mechanisms
First order conditions with respect to h m and h n yield two equations:
Combining (6) and (7) yields
Both sides of equation (8) represent price of leisure in terms of the numeraire -consumption goods c. Therefore w * = w ∂g ∂x = ∂g ∂h n is the effective wage rate. If an agent gives up one unit of leisure, she can put that time into home production. The marginal product of the home hours is ∂g ∂h n . Alternatively, she can choose to work more in the market, earning w, which in turn is put into home production. So the marginal product of market time is w ∂g ∂x . In equilibrium, the marginal product of market time must equal to that of home hours.
Simply manipulating the first-order conditions gives the following two equations:
where constant = θlog (9), the impact of LAT (z) on home hours depends on value of σ. If market goods and home hours are substitutes (σ > 1), home hours increases with the LAT, and vice versa. Notice that home production TFP does not directly impact home hours. Equation (10) shows that the impacts of TFP (A) on leisure depend on θ, the substitutability between consumption and leisure. If θ < 1, then higher A will induce agents to take more leisure to complement the increased consumption.
For expositional purposes, we set the transfer in equation (1) to zero, so that x = wh m . Plugging this into equation (9) and (10) leads to log h n h m = −σlog
and
Equation (11) shows that economic agents shift time between market work and home production in response to changes in the relative productivity z w . This enables us to explain the co-movement of home hours and market hours plotted in Figure 1 . Equation (12) shows that the allocation of time between market work and leisure depends on both home production TFP and relative productivity z w . In summary, changes of home production technology are directly related to the shifts of time between market work and home production, and between market work and leisure. This is consistent with the negative correlations between h m and h n , and between h m and , as shown in Figure 2 .
Why Home Production TFP
Why is it difficult for a model without home production TFP to explain the time use patterns in both time series and cross sections? From (10), absent TFP, the time series increase of leisure can be driven either by increases of wage rate or by changes of z w , the relative productivity. In the former case, correlation between wage rate and leisure in cross sections would also be positive, which is inconsistent with the data. Now the problem becomes whether the rising leisure can be driven by changes of (12)) predicts that agents should have shifted time from leisure to market work. Thus leisure should decrease over time, rather than increase. On the other hand, if z w has increased, then agents should have shifted time from market work to home production, which is inconsistent with the fact that the ratio of market hours to home hours has decreased, as shown in the last row of Table 2 .
Estimation
In this section, we estimate the growth factors of home production technology and model parameters, and show the estimated model explains the documented time use patterns quite well. We then further illustrate the impacts of home production technology on time allocation.
Estimation Strategy
We use the Minimum Distance Estimator to estimate the growth factors of LAT and TFP along with model parameters. Home production technology can hardly be measured directly from the data. Hence, we normalize both LAT and TFP in 1965 to 1, The set of parameters to be estimated is Θ={ρ, σ, α, θ}. We summarize the symbols of parameters and technology as follows.
Symbol
Definition ρ share of home hours in home production function σ ES between market goods and home hours α share of leisure in utility function θ ES between consumption and leisure LAT labor-augmenting home production technology F T P total factor productivity in home production
We assume that agents of different income deciles adopt the same home production technology at any point in time. Over time, LAT grows at varying rates. Therefore we estimate the growth factors of LAT for four intervals: 1965-1975, 1975-1985, 1985-1993, 1993-2003 . However we restrict the growth rate of TFP to be a constant. The reason of the restriction will be clear in the next section as we examine how technology shapes time allocation. Simply speaking, TFP causes no cross sectional variations in time use, hence it is impossible to identify varying growth rates. Totally there are 9 unknowns to pin down.
We choose the parameter values and home production technology so that the model can match a set of data moments. The moments needs to be sensitive to parameters and able to summarize the features of our model and data. The first two moments are from the two first order conditions. That is
These conditions govern the optimal intra-temporal allocation of time and goods, hence are closely related to the share parameters as well as the substitutability parameters. The second set of moments are the averages of market hours and home hours in the five waves of survey data. These averages are informative about technology growth rates. Specifically, the shifts of production time between home and market, as shown in Figure 1 , help us pin down the growth rates of home production technology.
Finally, the first order conditions should be orthogonal to the level of time use, therefore our third set of moments comes from the product of average market hours and home hours with the first order conditions in equation (13) and (14). This ensures that the first order conditions hold no matter how time allocation is shifted by changes of wage rate and home production technology. In total, we have 32 moments to target. With 9 unknowns, the number of overidentifying restrictions is 23.
Estimation Results
The estimation results are reported in table 3. Consumption and leisure are estimated to be complements in the utility function. The estimated elasticity of substitution is below one, while the log-log preference commonly used in the literature assumes unit elasticity. The estimated elasticity of substitution between home time and market goods is around 2.1. In the literature it ranges from 1.6 to 2.5. For example, it is between 1.6 and 2 in Rupert, Rogerson and Wright (1995) , depending on the demographic group. The estimate is 2 in Aguiar and Hurst (2007a) , 1.8 in McGrattan, Rogerson and Wright (1997) , and 2.3 in Chang and Schorfheide (2003) .
Growth factor of LAT was high during 1965-1975 and 1993-2003 , but low in other periods. This pattern is consistent through different measures of leisure. During 1965 During -2003 , LAT increased by a factor of about 1.8. The corresponding annual growth rate is about 1.56% It should be noted that changes of tax code is not modeled explicitly, but they affect real wage rate. Therefore in the estimation they are captured by LAT growth.
Based on leisure 2, leisure 3 and leisure 4, TFP has grown at a factor of about 1.07-1.14 every decade, which amounts to annual growth rate of between 0.068 − 0.132%. Using leisure 1, TFP growth rate is about 3.5% per annum. The J-statistics show that the model is not reject at 10% using leisure 1.
Using the estimated parameter values and technology, we simulate market hours, home hours and leisure from the model. In simulation, we take wage and market expenditure from the real data exogenously, and calculate optimal time allocation based on equation (9) and (10). Figure 3 shows the average time use for different survey years, both from real data and simulated data. The simulated data closely track the trend of time allocation in the real data. Specifically, the simulated data can generate similar magnitude of increase in leisure and decrease in home hours and market hours as in the data. The figure compares the weekly averages of market hours, home hours and leisure from the model to those in the data. Averages from the model depend on the leisure measure used in the estimation. Results from using leisure 1 is reported in the top panel. Results from using leisure 2 is reported in the second-to-top panel, and so on. Table 4 reports the cross sectional correlation between time use and wage rate in the simulated data for each survey year. For comparison, we also report the correlations in the real data. Except for the correlation between home hours and wage rate in 1975, all the correlations generated from the model have the same signs as in the data. As for 1975, the correlation in the data is positive between home hours and wage rate, which is inconsistent with other years, hence the estimated model based on all the available data fails to reproduce it. 
Technology and Time Allocation
In our model both TFP and z w are major driving forces in optimal time allocation, which is evident from equation (9) and (10). In this section we further investigate how the two forces affect time allocation in both cross sections and time series.
Relative Labor Productivity ( z w
) and Time Allocation Figure 4 plots market hours, home hours and leisure from the real data against z w , where z is estimated and w is from the real data. Evidently, as z w declines, time spent on home production becomes less productive. Since home hours and market goods are substitutes, households will optimally allocate more time to market work and less time to home work. It follows that in the cross sections rich agents will work more in the market and less at home since they have lower z w . In the model without home production, θ < 1 implies that income effects dominant substitution effects and rich households should enjoy more leisure. However, when home production is explicitly modeled, an increase in wage (decrease in z w ) has one additional effect on leisure -the reduction in home hours results in the reduction in the composite consumption, which in turn leads to the reduction in leisure due to the complementarity. The relative magnitude of the two effects is determined by the relative size of the two elasticities. Figure 4 shows that the second effect dominates in our estimated model. The intuition for the cross sectional time allocation can also be applied to the time series. According to our estimation, z w has declined slightly over time. Therefore, if home production TFP had not changed over time, we should have observed an increase in market hours and a decrease in home hours and leisure over time. However, due to the rise of home production TFP, in reality market hours had decreased and leisure had increased.
Home Production TFP and Time Allocation
Figure 5 plots time use from real data against home production TFP denoted by the corresponding years. Since we assume agents in the same cross section adopt the same home production technology, there is no cross sectional variation of TFP. When TFP improves, agents can produce the composite consumption good more efficiently. The complementarity between consumption and leisure then implies the increase in leisure.
Implications on Income Tax and Labor Supply
We use the estimated model to examine the response of time allocation to income taxation and lump-sum transfer. We show how the effect of each of the two policies depends on home production technology and wage rate. Then we study the combined effect, assuming the government levies proportional tax and distributes the tax revenue evenly to households as lump-sum transfers. We qualitatively show how the policy effect differs to a model that abstracts from wage heterogeneity.
Dependence of Policy Effect on Home Production Technology and Wage Rate
For proportional income tax, we have the following claim. Claim 2 : Assuming zero transfer, we have the following 1. Proportional income tax increases home hours and leisure, but reduces market hours.
2. The tax effect on time allocation is stronger when the levels of home production technology (both LAT and TFP) are higher.
3. The tax effect on time allocation is weaker for higher-wage agents.
See Appendix C for the proof.
To quantitatively assess the effect of proportional tax and lumpsum transfer, we take exogenously the decile level wage rates in the data and the estimated home production technology in 2003, and simulate optimal time allocation based on the estimated model parameters. Parameter estimates based on leisure 1 are used. The dashed line in Figure 6 shows the changes of time use due to a proportional tax of 5% and a lump-sum transfer that equals 5% of average income in 2003. Both policies decrease market labor supply, but the proportional tax shifts market hours mainly to home production while the lump-sum transfer shifts market hours mainly to leisure. Consistent with the prediction in claim 1, tax effect is stronger among lower wage households. 15 To illustrate to what extent the policy effect depends on home production technology, we conduct two experiments with results also shown in Figure 6 . In the first experiment, we use LAT from 1993 in The figure plots the per-week changes of time use due to proportional income tax and lump-sum transfer. Proportional tax rate is 5%, and lump-sum transfer equals 5% of average income in 2003. Home production is set to the level in 2003, except that labor-augmenting technology is take from 1993 in the "low LAT" case and home production TFP is taken from 1993 in the "low FTP" case.
the simulation and keep everything else unchanged. Comparing the results from this "low LAT" case to those from high LAT (2003 technology), we find that effect of proportional tax on time use is clearly stronger when LAT is higher. Regarding the lump-sum transfer, the effects on market hours and home hours are also stronger when LAT is higher, but the effect on leisure is almost independent of LAT.
In the second experiment, we use home production TFP from 1993 and keep everything else unchanged. We find that quantitatively the effect of either policy on time allocation is almost independent of TFP.
The dependence of policy effect on wage rate and home production technology can have important macroeconomic implications. For example, during recessions wage rate is likely to be lower relative to home production technology, which implies that policy effect is counter-cyclical. We do not pursue quantitative assessments in this dimension within our static framework. Rather we proceed to assess the policy effect in cross sections. Since policy effect is stronger among low-wage households, wage heterogeneity is important. With positively skewed wage distribution, policy effect should be understated in a representative agent model. We study quantitatively how large the understatement can be. Tax rate is again 5%, and the lump-sum transfer equals tax revenue. Computationally, we use a guess-and-verify strategy to find the level of transfer that is consistent with the tax rate and new optimal market labor supply after the policy is implemented.
Comparison of Policy Effects
We simulate policy effect based on wage rate and home production technology from different years. Wage rate in our model is heterogeneous, represented by the 10 income groups in each wave of survey. For the representative agent, we use the average wage in each wave. It is well-known that wage distribution in the US is positively skewed, therefore the mean wage rate is higher than the median. Since a representative agent model uses the mean wage implicitly or explicitly, its prediction of policy effect should be understated. Table 5 shows that, on average, the representative agent model understates the reduction of labor supply by about 8%. The increase of both leisure and home hours is also understated by about 8%. Notice that our model uses average wage at income decile level which itself understates the skewness of wage distribution. Therefore results from the representative agent model should be further away from those from a full-blown heterogeneous agents model.
Conclusion
Motivated by a rich set of time use patterns in both time series and cross sections, we have studied a model of time allocation in which home production technology plays key roles. We have considered two types of home production technology -labor-augmenting technology and total factor productivity. Each type has leading examples in real world and plays distinct roles in optimal time allocation. By linking data from ATUS, CEX and CPS, we have estimated the growth rates of home production technology as well as the key parameters in home production function and utility function.
Using the model to study the effect of tax and transfer, we have found that the policy effect increases with the level of home production technology, but decreases with wage rate. One of the implications is that policy effect depends on wage distribution which is positively skewed in the US data. Based on the estimated model, a representative agent model understates the reduction of labor supply by about 8%.
The finding that policy effect depends on home production technology also has interesting implications on the cyclical fluctuations of an economy with fiscal policy. We shall explore this dimension in the future research.
This paper has focused on intra-temporal optimal allocation of time. It is interesting to extend our model to capture the dynamics of time use and inter-temporal allocation within a lifecycle framework. We again leave this interesting extension to the future work. detailed records of respondents activity for a full day. This enables us to empirically identify the trichotomy of work in the market, work at home and leisure as formalized by Gronau (1977) . The time taxonomy proposed by Aguiar and Hurst (2007a) consistently organizes data from different waves of survey into the three categories. Given the disputes on whether certain activities should be classified as leisure, Aguiar and Hurst (2007a) define four measures of leisure, from the narrowest to the broadest. This paper follows their classification of market hours, home hours (termed non-market time in Aguiar and Hurst (2007a) ) and leisure strictly.
Household level total expenditure data are extracted from Consumer expenditure Survey. Expenditure on consumer durables is included, because we do not model them as home production capital explicitly. Before 1980s only three waves of survey are conducted, in 1960 -1961 (CEX61), 1972 and 1973 (CEX73) respectively. We interpolate income decile level expenditure for year 1965 and year 1975 from CEX61, CEX73 and CEX85. In interpolation we allow the growth rates of expenditure to differ across income deciles But for a given group we assume constant growth rate between the adjacent surveys.
We use March CPS from 1966 , 1976 , 1986 , 1994 , 2004 to estimate income decile level wage rates. The March supplement records the earnings of household members from the previous year. defined as the sum of wages and salaries with overtime pay, commissions, or tips included. March CPS also records the weeks worked, usual weekly hours, age and educational attainment for each member in the surveyed households. The individual wage rate is calculated by dividing total work hours in a year from total earnings. Then for the i th income group in year t, average wage rate is calculated as w i,t = 0.5w m i,t + 0.5w f i,t , where w m i,t is the mean after-tax wage rate for husband, and 0.5w f i,t is the mean after-tax wage for working wives. Prior to 1976, usual weekly hours for the previous year are not available, we use hours worked during the survey week instead. Fol-lowing Katz and Murphy (1992) , top coded earnings are multiplied by 1.45. Given that our analysis is based on the averages of income deciles, these treatments should have little effect on the results.
Major Activities Included in Various Measures of Leisure
We list the major activities included in each leisure measure. The list is for the convenience of readers and is not exhaustive. The classification is taken from Aguiar and Hurst (2007a) .
• Leisure 1: entertainment, relaxing, social activities and active recreation. e.g. watching TV, going to theater, sports and games.
• Leisure 2: Leisure 1 plus eating, sleeping and personal care.
• Leisure 3: Leisure 2 plus childcare, including basic childcare, playing with the child and teaching the child.
• Leisure 4: Leisure 3 plus education, civic and religious activities, caring for other adults and own medical care.
